Traditionally, wind analysis procedures based on the ''gust loading factor'' approach and experimental techniques involving the high frequency base balance and the ''stick-type'' aeroelastic model test have assumed ideal structural mode shapes, i.e., linear lateral modes and uniform torsional modes. The influence of nonideal mode shapes manifests itself through modifications in the generalized wind load, the structural displacement, the equivalent static wind load ͑ESWL͒, and the attendant influence function. This has led to the introduction of several correction procedures, each focusing on an individual feature of the overall response analysis framework. This paper presents a systematic development of correction procedures in terms of correction factors ͑CFs͒ to account for nonideal mode shapes in the formulation of generalized load, analysis of structural response, and the derivation of the ESWL. A parameter study is conducted to examine the significance of CFs in estimating various load effects. It is observed that the influence of a nonideal mode shape is actually negligible for the displacement response and the base bending moment, but not so for other load effects, e.g., the base shear and the generalized wind load. Although the existing procedures are effective in correcting the intended response component, they should not be used indiscriminately for other load effects. This paper also presents a correction procedure for the influence of mode shapes on the ESWLs, a loading format that is very attractive for implementation in codes and standards and design practice as well as for the correct interpretation of wind tunnel measurements.
Introduction
Throughout the development of current analysis procedures such as the ''gust loading factor'' ͑GLF͒ method ͑Davenport 1967͒ and experimental techniques involving the high frequency base balance ͑HFBB͒ and the ''stick'' type aeroelastic model test, ideal structural mode shapes, i.e., linear lateral modes and uniform torsion modes, have traditionally been assumed. Correspondingly, these analysis procedures and experimental techniques work best for structures having exactly that ideal mode shape. However, most structures may exhibit a departure from these ideal mode shapes. Correction procedures are thus needed to consider the influence of nonideal mode shapes on the measured or calculated load effects. In this context, several correction procedures have been developed in the last few decades, each focusing on a particular aspect of the overall response analysis framework.
A correction formula for the GLF was given by Vickery ͑1970͒ in which the error for the actual mode shape deviating from a straight line was found to be within 1-3%. A similar observation was made by Tamura et al. ͑1996͒ . In light of this, the effect of a nonlinear mode shape has been excluded in the GLF-based analysis procedures given in major codes and standards ͑e.g., AS 1989; AIJ 1993͒. However, as pointed out by Zhou et al. ͑1999b͒ , the traditional GLF is essentially the gust factor for the first mode displacement. The correction for the GLF in this context only reflects the effect of mode shape on the displacement response, which is negligible. However, since the effect of a nonlinear mode shape on other response components may not be as small as that on the displacement, disregarding this effect may lead to unrealistic estimates of the other response components.
Vickery's finding ͑Vickery 1970͒ was also utilized by several investigators in the early development of the HFBB technique. Tschanz and Davenport ͑1983͒ identified a need to correct the torsional component measured using the HFBB. They suggested an approximate correction based on the base shear component measured by the balance. Kareem ͑1990͒ compared the torsional loads using an HFBB and multiple-point simultaneous pressure measurements and highlighted the need for corrections to HFBB measurements. The HFBB technique uses the measured base bending or torsional moments on structural models to represent the generalized wind loads acting on the actual building. As this approach gained greater acceptance, several mode shape correction procedures were proposed regarding the generalized wind load ͑e.g., Kareem 1984; Kijewski and Kareem 1998; Ho et al. 1999͒ . Based on experimental data, Tallin and Ellingwood ͑1985͒ suggested a conservative correction factor ͑CF͒ of 2/3 for the generalized torsional moment. Similar values have been suggested by Holmes ͑1987͒ and Xu and Kowk ͑1993͒.
Vickery et al. ͑1985͒ noted that the influence of mode shape on the base bending moment and the acceleration are different from the influence on the generalized wind load. However, no correction procedure was offered. Recognizing that the generalized wind load is arbitrary in magnitude, Boggs and Peterka ͑1989͒ suggested that the mode shape correction should be applied to actual quantities rather than the generalized quantities. They introduced a load correction factor, which is essentially related to the base bending moment. However, because the base moment factor is not so sensitive to the mode shape, as will be demonstrated in the paper, care must be exercised in using this CF to wind load effects other than the base bending moment.
The Australian Standards, AS1170.2 ͑1989͒, provides two correction factors ͑1.06 -0.06 ␤͒ ͑␤ϭexponent of the first mode shape͒ and (0.76ϩ0.24␤) for adjusting the across-wind base bending moment and the acceleration response, respectively. Similarly, the Architectural Institute of Japan standard ͑AIJ 1993͒, provides (0.73ϩ0.27␤) as a correction for displacement.
In this paper the effect of nonideal mode shapes is examined in the overall analysis framework for the wind-induced response. Two formulations for the wind-induced response, one based on arbitrary nonideal mode shapes and the second involving ideal mode shapes, are derived. Through a comparison between these two formulations, mode shape CFs are evaluated at each step of the overall analysis procedure for a range of wind-induced response components. A parameter study is carried out to delineate the influence of the mode shape exponent, mass distribution, wind pressure correlation, and the wind profile on the CFs. The results are discussed and compared with those reported in the literature. Since the CFs presented here are dependent on the response component of interest, a correction procedure for a wider range of applications is presented in terms of the equivalent static wind load ͑ESWL͒. For the sake of illustration, the overall scheme of the correction procedure for generalized load, ESWL, and associated response in the overall analysis framework is highlighted in Fig. 1 .
Analysis of Wind-Induced Response

Arbitrary Nonideal Mode Shapes
In this paper a subscript X is used to represent the lateral mode and Z the torsion mode. If not specified particularly, the formulation would be applicable to both the lateral and the torsion modes. It is noted that for wind-induced response of most buildings based on convenient HFBB, the resonant response in modes higher than the first is neglected ͑Reinhold and Kareem 1986͒, although for acceleration response, among others, this assumption may not be very conservative ͑Kareem 1981͒. This paper also assumes that there is no modal coupling between the three fundamental structural modes. For cases in which modal coupling exists, problemspecific mode shape corrections may be sought. Alternatively, simultaneously measured multiple-point surface pressure at strategically located taps can provide mapping of the pressure field which can be weighted according to the mode shapes ͑Ka-reem 1982a; ASCE 1999͒. In situations where the modal coupling is deemed to amplify the load effects, a multi-degree-of-freedom aeroelastic model may be the method of choice.
The wind-induced response of a structure in the fundamental lateral mode is given by m* ͑ t ͒ϩc* ͑ t ͒ϩk*͑ t ͒ϭ P*͑t ͒
where
2 m*, and P*(t)ϭ͐ 0 H P(z,t)(z)dzϭgeneralized displacement, mass, damping, stiffness, and externally applied wind loading in the first mode, respectively; ϭ A ϩ S , in which , S , and A ϭtotal, structural, and aerodynamic damping ratios, respectively; f 1 ϭnatural frequency of the first mode; m(z) ϭmass distribution, which may be assumed to be linearly distrib- uted for tall structures as m(z)ϭm 0 ͓1Ϫ(z/H)͔ where ϭ(m 0 Ϫm H )/m 0 , the ''mass reduction factor'' ͑Boggs and Peterka 1989͒; m 0 and m H ϭmass per unit height evaluated at the bottom and the top of the building, respectively; and the first structural mode shape may be approximated by (z)ϭc 1 (z/H) ␤ where c 1 ϭnormalization factor. A similar expression can be written for the torsional response.
The RMS generalized displacement response in the first mode is given by
Ϫ1 ϭstructural transfer function; and
is the generalized wind load, in which S p ( f )ϭunit fluctuating wind force or torque spectrum; P(z)ϭ P H (z/H) ␥ , where P H ϭamplitude of the fluctuating wind force evaluated at the building top; ␥ϭfluctuating wind profile exponent; and Q(z 1 ,z 2 , f ) ϭexp(ϪC K f/V •͉z 1 Ϫz 2 ͉/H)ϭcoherence of the fluctuating wind pressures, in which V ϭreference mean wind velocity and C K ϭan exponential decay coefficient.
The wind-induced response is customarily divided into the resonant and the background components. The former is dominant in the case of flexible structures and the latter for relatively stiffer structures. Taking the resonant component as an example, the displacement response in the first mode can be computed by
is usually referred to as the joint acceptance function ͑Davenport 1967͒ and the subscript D denotes the displacement response.
Although the wind-induced displacement is an important quantity, information concerning other response components, e.g., the internal forces in individual structural members, are needed for design. The ESWL facilitates convenient assessment of other response components. Utilizing the resonant displacement response, the resonant component of the RMS ESWL can be represented in terms of the inertial load
where the subscript F indicates the ESWL. Note that the distribution of the displacement follows the mode shape, while the ESWL depends on both the mode shape and the mass distributions.
One of the attractive features of the ESWL formulation is that any desired wind-induced response can be obtained through a simple static analysis by introducing an appropriate influence function. In fact, the RMS response due to resonant effects can be given by
where the subscript r refers to an arbitrary response relevant to an influence function, which is expressed by
where i c and ␤ 0 are both constants. For the base shear force and base moment in the lateral mode, these coefficients are i c ϭ1, ␤ 0 ϭ0, and i c ϭH, ␤ 0 ϭ1, respectively; for the base torque, i c ϭ1, ␤ 0 ϭ0; and for the displacement, ␤ 0 ϭ␤. The background response can be derived using the influence function in a more straightforward manner ͑Zhou et al. 2000͒
Note that the background response given in Eq. ͑8͒ includes the contributions from all the higher modes and coupling among modes. The corresponding background ESWL can be derived using the ''Load-Response-Correlation'' approach ͑Kasperski and Niemann 1992͒. Usually, its distribution is dependent on the response of interest and differs from the distribution of the resonant ESWL components ͑Zhou et al. 2000͒ .
The resultant peak response can be obtained using an SRSS combination rule
in which r ϭpeak resultant response; rϭmean response; and g B and g R ϭbackground and resonant peak factors, respectively.
Simplified Analysis with Ideal Mode Shapes
While the analysis procedures in the preceding section are accurate, they can only give meaningful solutions in a limited number of situations. These situations include those where experimental measurements are available to evaluate the aerodynamic pressure distributions and their complementary correlation structure ͑Ka-reem 1982b͒ or where quasi-steady and strip theories are applicable for buffeting analysis. However, in engineering applications, such complete information about the aerodynamic loads is not always available. On the other hand, when a building has an ideal mode shape, i.e., linear lateral mode shape and uniform torsional mode shape, simplified analysis procedures can be derived from the preceding formulation. For example, considering a linear lateral mode shape (␤ϭ1.0), the PSD of the generalized wind loads can be conveniently determined by
in which S MX ( f )ϭPSD of the aerodynamic base bending moment. The relationship in Eq. ͑10͒ has led to the popularity of the HFBB technique in which the spectrum of the measured base moment on the scaled building model is proportional to the linear mode generalized wind load spectrum on the actual building.
Given the generalized wind load, the wind-induced response can be computed. For example, the RMS displacement in the lateral mode is given by
where the prime denotes results based on the ideal mode shape.
Other wind load effects, such as the ESWL and wind-induced response, can also be expressed in terms of the aerodynamic base moments. These quantities are given in the Appendix for further comparison. It is noteworthy that in the simplified formulation the displacement increases linearly along the height in the lateral mode and uniformly in the torsional mode. The distribution of the ESWL is a function of the ideal mode shape and the mass distributions as shown in Eqs. ͑28͒-͑35͒ of the Appendix.
Mode Shape Corrections
In this section, mode shape corrections for the generalized wind loads, wind-induced response, and the equivalent static wind loads are presented.
Generalized Wind Loads
HFBB tests provide the generalized wind load on structures with the implicit assumption of an ideal mode shape. For the lateral response, when the mode shape of an actual building deviates from a straight line, the following mode shape correction has been introduced to correct the base bending moment to obtain the generalized wind loads ͑e.g., Xu and Kowk 1994; Kijewski and Kareem 1998͒:
where P X * (␤) and P X * Ј ϭRMS generalized wind loads for arbitrary and ideal mode shapes, respectively. Using Eqs. ͑3͒ and ͑12͒, this CF can be derived
Utilizing the measured aerodynamic base bending moment in conjunction with the CF for the generalized wind load, the windinduced response, for example, the displacement in Eq. ͑4͒, can then be computed by
Similarly, the CF for the generalized wind load in torsion is given by
The variation in the CFs for the generalized wind loads in terms of mode shape exponents and other involved parameters is shown in Fig. 2 . As expected, when the mode shape is ideal, i.e., ␤ϭ1 for lateral mode or ␤ϭ0 for the torsional mode, the CFs have unit values regardless of other parameters. However, significant corrections are needed when the actual mode shapes deviate from this assumption since the CFs for both lateral and torsional modes are dependent on the mode shape exponents. The CFs are insensitive to the wind profile exponent for ␥ϭ0 -0.35. For two limiting correlation cases, i.e., full correlation (C K ϭ0) and zero correlation (C K →ϱ), the effect of the correlation on CFs in the lateral and torsional modes are within 10% and 15%, respectively. The CFs are less than unity for the lateral mode when ␤Ͼ1 and for the torsion when ␤Ͼ0. This means a direct use of the measured aerodynamic load without mode shape modification will lead to conservative estimates of wind-induced response. Based on experimental data, a CF equal to 2/3 ͑Tallin and Ellingwood 1985͒ or 0.7 ͑Vickery et al. 1985͒ has been suggested, which is widely used in wind tunnel testing. However, as noted in Fig.  2͑b͒ , this value may not be accurate for a wide range of mode shapes.
Although the mode shape correction for the generalized wind load has been most widely used in research, some inherent shortcomings relevant to this concept still call for special attention. The first is related to the definition of this correction. The generalized wind load is arbitrary in magnitude depending on the normalization factor of the mode shape, c 1 , while the base moment is a unique quantity. Therefore the correction for the generalized wind load in Eq. ͑12͒ is, strictly speaking, arbitrary in magnitude. This problem can be eliminated by setting c 1 ϭ1. However, it may be sometimes in disagreement with the mode shape normalization scheme employed by the end-user. The second shortcoming concerns the correct use of this CF in wind-induced response analysis procedures. As given in Eq. ͑14͒, an actual mode shape, rather than an ideal mode shape, should be used for the generalized mass and the displacement distributions. A misrepresentation of the mode shape in Eq. ͑14͒ and in the follow-up procedure may significantly impact the final results ͑Vickery et al. 1985͒.
Wind-Induced Response
Following the mode shape correction for the generalized wind load, which is actually the ratio between the actual generalized wind load and that based on an ideal mode shape, the mode shape correction for the wind-induced response can be formulated. The mode shape correction is addressed separately here for the resonant and the background components.
Resonant Response
The CF for the resonant response is defined as the ratio between the resonant response of the actual structure and that obtained using the idealized modes. Referring to Eqs. ͑6͒, ͑31͒, and ͑35͒, the CFs for the lateral and the torsional modes are given by
It is noted that the CFs in Eqs. ͑16͒ and ͑17͒ are dependent not only on the exponent ␥, the correlation of the externally applied aerodynamic loads Q, and the dynamic characteristics of the structure ␤, but also on the response component of interest ␤ 0 . Also, as expected for ideal mode shapes, both CFs are unity regardless of other parameters. For the lateral mode, employing a full correlation and substituting ␤ 0 ϭ1 in Eq. ͑16͒ will result in the CF alluded to in Boggs and Peterka ͑1989͒ as the load factor. Obviously, this CF is different from that of the base shear, which can be obtained by substituting ␤ 0 ϭ0. Similarly, the displacement CF can be obtained by substituting ␤ 0 ϭ␤. For the sake of comparison with the findings reported in the literature, a uniform distribution of mass or mass moment of inertia is assumed in the parametric study. The CF for the resonant response in the lateral mode is plotted in Fig. 3 . Note that when considering the limiting correlation condition, the CF is independent of the first mode frequency f 1 . The CF for the base shear force in Fig. 3͑a͒ varies in the range of 0.75-1.18 for ␤ ϭ0.5-2.0. Therefore this mode shape correction cannot simply be neglected. Fig. 3͑b͒ shows the base bending moment CF, which ranges from 0.84 to 1.06. The base moment CF provided in AS1170.2-89 is also shown in Fig. 3͑b͒ , which falls at the average value of the data for the two limiting correlation conditions. The displacement CF is plotted in Fig. 3͑c͒ , which varies in the range of 0.9-1.1 for ␤ϭ0.5-2.0. For the along-wind displacement response, using the decay coefficients given in major codes, this factor deviates usually within 5% from unity. This reconfirms the findings of several researchers that the mode shape correction for the GLF is negligible ͑Vickery 1970; Tamura et al. 1996; Zhou et al. 1999a͒ .
The CFs for the resonant torsional response are plotted in Fig.  4 . Comparing with the CFs for the lateral mode, the torsional CFs are relatively sensitive to all the parameters involved and vary over a wider range. Fig. 4͑a͒ shows the CF for the base torque (␤ 0 ϭ0). It varies in the range of 0.55-1.07, while most of it is less than unity. The first mode torsional deflection CF is plotted in Fig. 4͑b͒ , which varies within 1-1.6. This opposite trend is believed to result from the different ESWLs in the preceding two formulations. For the torsional mode, this effect is especially noteworthy.
Background Response
Like the resonant component, the CFs for the background response can be formulated in lateral and torsion modes by utilizing Eqs. ͑8͒, ͑31͒, and ͑35͒ Unlike the resonant response CFs, the background response CFs are independent of the dynamic characteristics of the structure, i.e., independent of ␤. The background response CFs are plotted in Fig. 5 . For the lateral mode, if ␤ 0 ϭ1, then rXB ϭ1. This implies that the background base moment is equal to the base moment induced by the applied wind forces or can be scaled from the aerodynamic moment measured by the HFBB. This confirms the fact that the background response is quasi-steady in nature. However, the CFs for other background response components depart from unity as ␤ 0 takes values other than unity. This is because the background response computed by the simplified formulation includes the contribution only from the fundamental mode, which may sometimes be insufficient. Taking the base shear as an example, the CF varies between 0.99 and 1.33. This correction is of significance for some relatively less flexible structures where the background response is normally predominant.
For the torsional mode, as shown in Fig. 5͑b͒ , the background base torque is also equal to the aerodynamic base torque (␤ 0 ϭ0). However, the CF is always greater than unity for other torsional background response components suggesting that the contribution resulting only from the fundamental mode is insufficient and should be used carefully.
Equivalent Static Wind Loads
Since the above mode shape corrections are all dependent on ␤ 0 or the response component of interest, it may not be convenient to evaluate the CF for each desired response component in practice.
To facilitate the use of CFs in design practice, a correction procedure for the ESWL is developed in this section. The advantage of the ESWL-based correction procedure is that the ESWL plays a unique role in design practice. With an accurate ESWL description, designers can obtain any wind-induced response component of interest with a simple static analysis, and no extra mode shape correction is needed.
Resonant ESWL Component
Comparing Eqs. ͑30͒ and ͑34͒ with Eq. ͑5͒ and assuming a uniform distribution of mass and mass moment of inertia as implied in most codes and standards, the ESWL on the actual structure for the lateral and torsion modes can be expressed by
ESWL components evaluated at the top of the structure in the lateral and torsion modes, respectively, by referring to Eqs. ͑28͒, ͑30͒, ͑32͒, and ͑34͒ and setting ϭ0; and
are the CFs for the resonant ESWL components. Fig. 6 shows the variation in the CFs for the resonant ESWL components. In the lateral mode, the correction factor FXRH is relatively insensitive to wind exponent and correlation parameters. As shown in Fig. 6͑a͒ , it can be approximated by
This is the same as the acceleration CF suggested by AS1170.2 ͑1989͒, which introduces error within 10% for the two limiting correlation cases for ␤ϭ0.5-2.0. In Fig. 6͑b͒ the torsion ESWL correction factor is relatively sensitive to wind parameters and can be approximated by
This introduces error within 30% for the two limiting correlation cases. It is noteworthy that the above CF for the ESWL in the lateral mode can also be interpreted as the CF for the resonant displacement and acceleration evaluated at the top of the structure when assuming a uniform mass distribution. In fact, FXRH is consistent with the CFs used in AIJ-RLB ͑1993͒ and AS1170.2 ͑1989͒ for the displacement and the acceleration in the across-wind direction. However, the implication of the CF and its potential application to other load effects as given in Eq. ͑20͒ are not documented in these codes or their background documents. Meanwhile, it is also noted that the ESWL-based correction procedure is very useful to explain the experimental observations of the ''stick-type'' aeroelastic model test in which a displacement or an acceleration response is usually measured ͑Zhou and Kareem 2000͒.
Background ESWL Component
The following procedure is introduced for the background ESWL components (27) in which MX and MZ ϭthe RMS aerodynamic base bending moment and base torque measured by the HFBB or by other means. The first advantage of this procedure is that the wind loading is distributed according to the 2␥ power law and it usually provides a reasonable representation of the background response component ͑Zhou et al. 1999b͒. The second advantage is that the background response can be simply obtained from the mean wind response by multiplying a background magnification factor because the wind load follows the distribution of the mean wind load in the lateral mode.
Concluding Remarks
Utilizing the high frequency base balance data, the wind-induced response of a structure with nonideal mode shapes can be obtained by means of mode shape correction factors ͑CFs͒. These CFs can be evaluated for different response components of interest by comparing the response of a structure with a nonideal mode shape to that with an ideal mode ͑Fig. 1͒. A parameter study shows that the influence of a nonideal mode shape is rather negligible for the structural displacement and the base bending moment, but not insignificant for other load effects such as the generalized wind loads, the base shear, and the acceleration response. This observation is consistent with comments made by earlier researchers. It is important to emphasize that although the existing correction procedures are effective in their own context, caution must be exercised in utilizing these procedures indiscriminately to estimate other load effects. In light of the overall framework of the wind-induced response analysis, the existing correction procedures are particular cases of the overall general treatment presented in this paper. Among several mode shape correction schemes, the ESWL-based correction procedure offers a convenient framework for implementation in codes and standards and for providing correct interpretation of wind tunnel measurements. The procedures presented in this paper can be utilized immediately in the application of the HFBB measurements, the ''stick-type'' aeroelastic model tests, and the GLF approach.
It is noted that in the practical application, the aerodynamic moments are directly measured using HFBB and other tools. The above expressions can correspondingly be rewritten by using the measured moments as the input.
